Abstract. The peroxisome proliferator-activated receptor-γ (PPAR-γ) coactivator-1β (PGC-1β) is a well-established regulator of mitochondrial biogenesis. However, the underlying mechanism of PGC-1β action remains elusive. This study reveals that knockdown of endogenous PGC-1β by shorthairpin RNA (shRNA) leads to a decrease in the expression of mammalian target of rapamycin (mTOR) pathway-related genes in MDA-MB-231 cells. After knockdown of PGC-1β, phosphorylation of AMP-activated protein kinase (AMPK), phosphorylation of Rictor on Thr1135, Raptor and S6 protein was inhibited. However, Akt phosphorylation on Ser473 was upregulated and cell apoptosis occurred. In particular, we demonstrate that the levels of PGC-1β and mTOR correlated with overall mitochondrial activity. These results provide new evidence that cell apoptosis is orchestrated by the balance between several signaling pathways, and that PGC-1β takes part in these events in breast cancer cells mediated by the mTOR signaling pathway.
Introduction
Breast cancer, a complex and heterogeneous disease, is a leading cause of cancer death in women. Each year, there are over 1.5 million newly diagnosed cases, and 500,000 women worldwide die of this disease (1) . Despite combined treatment with surgery, radiotherapy, and anticancer drugs, many breast cancer patients will ultimately develop metastatic disease, at present incurable (2) . Various epidemiological studies have revealed that multiple factors including hormones, genetics, reproductive history, radiation, socio-economic status, place of residence, ethnicity, and the environment affect the incidence of breast cancer (3) . The main therapeutic principles are to find the cellular signaling regulator of the breast cancer. Cellular signaling that govern cell proliferation, motility and survival are often deregulated in cancer cells (4) (5) (6) . Such regulation is managed by signaling pathways acting through transcription factors that control expression of specialized genes and their protein products to control the differentiation as well as bioenergetic capacity of cancer cells (7, 8) .
Of these signaling pathways, increasing attention has been placed on mammalian target of rapamycin (mTOR) pathway, which is recognized as serine/threonine protein kinase important for cellular growth, proliferation, motility and survival (9) . It belongs to the family of phosphatidylinositol 3-kinase-related kinases, and dysregulation is associated with various diseases including several malignancies (10) .
Mitochondrial biogenesis is regulated by a set of transcription factors that include nuclear respiratory factor 1 (NRF1) and NRF2, mitochondrial transcription factor A (mtTFA), the peroxisome proliferator-activated receptors (PPARs) coactivator 1α (PGC-1α) and PGC-1β transcriptional coactivators (11, 12) . PGC-1 proteins additionally serve as mediators between various external physiological stress conditions that enhance mitochondrial activity as well as drive the formation of slow type I myofibers and their associated oxidative metabolic phenotype (13) . Relatively little is known about what controls PGC-1 gene expression or other mitochondrial regulators, although some myogenic factors have been identified (14, 15) . The nutrient sensor, mTOR, was also shown to promote mitochondrial oxidative function through transcriptional control of PGC-1 (16, 17) .
In the present study, we hypothesized that PGC-1β has a critical role in breast cancer cell growth through regulation of the mTOR signaling pathway. 
Materials and methods
Plasmids. pcDNA3.1-PGC-1β for the expression of human full-length PGC-1β was a gift from Ling Wang (Peking Union Medical College, China). Adenoviral vectors expressing green fluorescent protein (GFP), PGC-1α or ERRα were generated using the AdEasy system. The pGenesil vector expressing shRNAs against PGC-1β (shPGC-1β) was constructed by our laboratory, targeting the sequence 5'-ttgtacagaactacataagcac-3' of human PGC-1β. All plasmid constructs were verified by sequencing.
Cell culture. Human embryonic kidney 293 (HEK293) cells, from Microbix Biopharmaceuticals (Toronto, ON, Canada) and human breast cancer cells MDA-MB-231 from American Type Culture Collection (ATCC, Manassas, VA, USA) were cultured in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum (FBS), 2 mM L-glutamine, 100 U/ml penicillin, and 100 µg/ml streptomycin in a humidified atmosphere of 5% CO 2 at 37˚C.
Immunohistochemistry (IHC) analysis.
The study population consists of the carcinoma of breast treated between July, 2008 and March, 2012 at General Hospital of Ningxia Medical University which are the main hospitals for the treatment of breast cancer in Yinchuan, China. IHC study was performed on paraffin-embedded, formalin-fixed tissue sections using a commercial available Ultra Sensitive™ SP kit (Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA), following the manufacturer's instructions and the guideline recommendations for human PGC-1β testing in breast cancer. Briefly, this procedure included the deparaffinization and rehydration steps, followed by an epitope retrieval step in which the tissue sample was incubated in a citrate buffer solution at 90-95˚C for 20 min. The slides were then subjected to a series of alternating washes in PBS buffer and incubation steps with, first, a peroxidase-blocking reagent for 5 min and then with PGC-1β primary antibody, followed by a visualization reagent for 30 min each, and finally with a 3,3'-diaminobenzidine chromogen solution. After a final wash, the slides were counterstained with haematoxylin.
RNA isolation and quantitative real-time PCR (qRT-PCR).
Total RNA from cultured cells was extracted using TRIzol reagent (Invitrogen). cDNA was then reverse-transcribed and amplified by PCR using a Transcriptor Reverse Transcriptase kit (Roche). qRT-PCR was carried out using the SYBR-Green PCR system on a Bio-Rad iQ5, and results were normalized to glyceraldehyde-3-phosphate dehydrogenase (GAPDH) or cyclophilin A. The sequences of primers are shown in Table I .
Western blot analysis. After treatments, cells were lysed by the addition of cold RIPA buffer [150 mM NaCl, 50 mM Tris HCl, 0.1% SDS, 1% Triton X-100, 1 mM PMSF, 2 mM NaF, Na 3 VO 4 , β-glycerophosphate and 2 mM EDTA, and fresh protease inhibitor cocktail (Sigma Aldrich)], and cell lysate was centrifuged at 14,000 x g at 4˚C for 20 min. The supernatant was harvested and analyzed for protein content using protein assay dye. Protein was denatured in sample buffer, then separated on SDS-PAGE, and transferred to polyvinylidene difluoride (PVDF) membranes using a semi-dry Trans-Blot system. The blots were blocked for 1 h at room temperature with Tris-buffered saline (TBS, 50 mM Tris-HCl, pH 7.5, 150 mM NaCl) containing 5% non-fat milk. The blots were washed three times with TBST (50 mM Tris-HCl, pH 7.5, 150 mM NaCl and 0.02% Tween-20) and incubated with the indicated primary antibody at 4˚C overnight. The next day, the blots were incubated for 1 h at room temperature with secondary antibody (1:5,000 dilutions), and detected by ECL detection reagent. To ensure that equal amounts of sample protein were applied for electrophoresis, GAPDH or the indicated proteins were used as an internal control.
Cells were pretreated for the AMP and ATP measurements. The AMP and ATP expression level was measured. Briefly, culture medium was removed, cells were washed with ice-cold PBS, and 500 ml of ice-cold 0.4 M perchloric acid was added. The culture dishes were cooled to -80˚C then cell lysates were thawed on ice, scraped off, and transferred to microfuge tubes. Samples were centrifuged at 15,000 x g for 10 min at 4˚C. The supernatant was neutralized with 50 ml 4 M K 2 CO 3 , kept on ice for 10 min, and placed at -80˚C for 2 h to allow precipitation of the perchlorate. Samples were centrifuged again and supernatants were kept at -80˚C until nucleotide measurements.
AMP determination by HPLC. For the quantification of AMP present in MDA-MB-231 cell extracts, the nucleotides were separated by HPLC using a SynChropak AX100 anion exchange column (Phenomenex). The nucleotides were eluted isocratically at ambient temperature with a mobile phase of 125 mM K 2 HPO 4 , 0.5 M KCl, adjusted to pH 6.0 with 5 N NaOH. Forty microliters of nucleotide cell extracts described above were diluted to 100 ml in the mobile phase and 50 ml were injected into the instrument. Absorbance was monitored at 260 nm and retention time for AMP was 7.0 min. The amount of AMP contained in each fraction was measured by comparing the height of the peak with a standard curve of AMP, ranging from 0 to 40 pmoles.
ATP determination by fluorometric assay kit. ATP quantification was performed using the Biovision ATP Colorimetric/ Fluorometric Assay kit (Cedarlane). Briefly, the fluorometric assay was performed as described by the manufacturer, using a standard curve of 0 to 200 pmoles. Ten microliters of nucleotide extract, diluted to 50 ml with ATP assay buffer, was used for each quantification. Plates were incubated in the dark for 30 min. Data were acquired on a CytoFluor™ 2350 (Millipore) using black 96-well assay plates. ATP was quanti-fied by comparing the absorbance values obtained at 590 nm with those of the standard curve.
Cell transfection and microscopy analysis. Cells were grown on coverslips in a 6-well plate and transfected with 0.5 mg of the GFP-LC3 expression plasmid using Lipofectamine™ 2000 (Invitrogen) according to the manufacture. After treatment, as defined in the figure legends, cells were washed with PBS and fixed with 4% formaldehyde in PBS for 15 min at room temperature. Coverslips were inverted on a drop of Fluoromount-G (SouthernBiotech). Transfected cells were observed and images were taken using a fluorescence microscope (Leica Microsystems). Statistical analysis. All the results were expressed as mean ± standard error of the mean (SEM). All statistical analysis was evaluated using GraphPad Prism software (GraphPad Software, Inc., San Diego, CA, USA). Data were analyzed by the paired t-test, and P-values <0.05 was considered statistically significant.
Results

PGC-1β is overexpressed in human breast cancer tissue vs. normal tissue.
We determined the expression pattern of PGC-1β in clinical human breast normal and cancer samples. Compared to the normal tissue, the expression of PGC-1β in tumor samples was mostly increased. We found that breast cancer samples showed strong immunostaining of PGC-1β compared to normal breast cells, representative images of both breast cancer and normal are shown in Fig. 1 . PGC-1β was significantly overexpressed in breast cancer.
The effects of PGC-1β on intracellular mitochondrial biogenesis. PGC-1 is suggested to be a potent stimulator of mitochondrial biogenesis (18, 19) . We evaluated the role of PGC-1 on mitochondrial biogenesis. To measure mitochondrial DNA directly, we isolated total DNA and determined the relative copy number of mitochondrial DNA by a qPCR assay of the mitochondrial DNA-encoded cytochrome c oxidase (COX) II gene. Overexpression of PGC-1β led to an increase in mitochondrial DNA content/cell by 1.97-fold ( Fig. 2A) , while inhibition of endogenous PGC-1β by shRNA changed the basal mitochondrial DNA content ( Fig. 2A) . Furthermore, knockdown of endogenous PGC-1β by shRNA reduced the induction of mitochondrial biogenesis. In addition, mRNA transcript levels of COX I and COX II (mitochondrialencoded) and COX VIIa (nuclear-encoded) were induced by PGC-1β (Fig. 2B) . Knockdown of endogenous PGC-1β blocked the effect of COX I, COX II and COX VIIa1 gene expression (Fig. 2B) . These results reveal the important physiological role of PGC-1β in mitochondrial biogenesis.
PGC-1β affects AMPK activation and mTORC1/2 complexes.
It is well documented that an increase in AMP/ATP ratio is the key signal to activate AMPK in an attempt to preserve cellular energy (20, 21) . In order to evaluate the energetic status of cells, we treated MB-MD-231 cells with pcDNA3-PGC-1β or pGenesil-shPGC-1β, then measured the levels of ATP and AMP after treatment for 1 h. The drastic increase in AMP levels was observed after treatment pcDNA3-PGC-1β for 1 h (Fig. 3A) . We also observed a drastic decrease in ATP levels 1 h following pcDNA3-PGC-1β transfection (Fig. 3B) . However, the AMP and ATP remained at control levels when cells were treated with control vector (Fig. 3A and B) . The variation in ATP and AMP levels in response to pcDNA3-PGC-1β treatment is illustrated with the AMP/ATP ratio (Fig. 3C ). We observed a significant increase in the AMP/ATP ratio following pcDNA3-PGC-1β exposure for 1 h (P<0.05). To further validate the role of PGC-1β in regulating AMP and ATP expression, RNA interference was employed to knockdown the endogenous PGC-1β expression in MDA-MB-231 cells. AMP level, AMP/ATP ratio was downregulated and ATP level upregulated when PGC-1β expression and activity were suppressed with pGenesil-shPGC-1β. We observed no change in the AMP/ATP ratio when cells were treated with the control vector (Fig. 3) .
AMPK, the energy sensor of the cell, is a heterotrimeric Ser/Thr protein kinase activated by alterations in cellular AMP/ATP ratio (22) . In order to determine whether the increase in AMP/ATP ratio, caused by PGC-1β upregulation, leads to the activation of AMPK, we analyzed the phos- phorylation levels of AMPK on Thr172 by immunoblotting. We observed a significant activation of AMPK for 12 h, after pcDNA3-PGC-1β treatment in MD-MB-231 cells (Fig. 4A) . The activation of AMPK is coupled with an increase in the cellular AMP/ATP ratio (Fig. 3C) . Once AMPK activated, the AMPK inhibits ATP consuming anabolic processes such as protein translation. mTOR encompasses two functionally distinct protein complexes: mTOR complex 1 and complex 2. The mTORC1 consists of mTOR, raptor, mLST8, and two negative regulators, PRAS40 and DEPTOR, Raptor being a direct substrate of activated AMPK, regulates mTOR activity and functions as a scaffold for recruiting mTORC1 substrates (23) . Since AMPK activation achieves these effects largely through inhibition of mTOR signaling (24) . We observed concomitant phosphorylation of the mTORC1 component Raptor on Ser792 (Fig. 4C) . Then, we observed a drastic increase in the phosphorylation of the mTORC1 target S6 ribosomal protein, following pcDNA3-PGC-1β exposure (Fig. 4E) . Furthermore, we observed a significant decrease in the phosphorylation of Rictor on Thr1135, which is a key component of the mTORC2 complex (Fig. 4G) . In MDA-MB-231 cells exposed to pGenesil-shPGC-1β, the levels of AMPK and phosphorylation of Raptor were downregulated (Fig. 4D) , while phosphorylation of S6 and Rictor was reversed ( Fig. 4F and H) , indicating that these events are specifically triggered by PGC-1β activation. Interestingly, we observed a significant downregulation of Akt phosphorylation at Ser473 after pcDNA3-PGC-1β exposure (Fig. 4I) , while inhibition of PGC-1β activation by pGenesil-shPGC-1β treatment led to a sustained and significant activation of Akt phosphorylation (Fig. 4J) .
In summary, these data suggest that the PGC-1β-dependent AMP accumulation following pcDNA3-PGC-1β exposure leads to AMPK activation which affects some components of the mTORC1/2 signaling pathways.
Effect of PGC-1β activation on Beclin 1 expression and on the autophagic marker LC3.
The mTOR pathway regulates cell autophagy under stress conditions, especially response to anticancer agents. Since we observed that PGC-1β downregulation resulted in the suppression of mTORC1 signaling, we verified whether autophagy was subsequently induced. The conversion of LC3-I to LC3-II, a marker for autophagic vesicles and autophagy activity (25) , was analyzed by immunoblotting. Unexpectedly, we did not observe significant conversion of LC3-I to LC3-II following PGC-1β overexpression or downregulation (Fig. 5A) . Autophagosome formation is characterized by a punctuated distribution of GFP-LC3. Cells were transiently transfected with GFP-LC3 and subcellular localization was detected by fluorescence microscopy. But we did not observed punctuated GFP fluorescence (Fig. 5B) , suggesting that autophagy is not induced following PGC-1β expression.
We also measured the expression of Beclin 1, which is an essential autophagic protein (26, 27) , and observed no change in the levels of Beclin 1 following PGC-1β exposure (Fig. 5A) . Therefore, our results suggest that although mTORC1 is activated in MDA-MB-231 cells following pcDNA3-PGC-1β transfection, autophagy is not induced.
Inhibition of PGC-1β induced cell apoptosis.
To evaluate the percentage of cell apoptosis induced by PGC-1β, cells were stained with Annexin V-FITC and PI and analyzed by flow cytometry 24 h after pcDNA3-PGC-1β or pGenesilshPGC-1β exposure alone or in the presence of empty vector. We observed an increase in FITC positive cells, 24 h after pGenesil-shPGC-1β transfection, which was significantly reduced when the pcDNA3-PGC-1β was present (Fig. 6 ).
Discussion
In this study, we have shown that PGC-1β-shRNA exposure in MDA-MB-231 cells affects mTOR signaling, thus modulating survival pathways, eventually causing cell death. We propose that PGC-1β initially affects the mTORC1 signaling complex. The increase in AMP levels leads to AMPK activation. We therefore hypothesize that AMPK activation induced by the increase in the AMP/ATP ratio following PAR synthesis inhibits mTORC1 in an attempt to preserve cellular energy.
The balance between survival and death signals is essential to cell fate. In our model, PGC-1β activation is rapid and intense and although at first, in an attempt to survive, activation of AMPK and inhibition of mTORC1 occur, the detrimental effects of free ADP-ribose polymers, free ADP-ribose and NAD + depletion overcome the beneficial effect of AMPK activation. Furthermore, our results suggest that mitochondria production contributes to PGC-1β activation (Fig. 2B) . After exposure to PGC-1β, the Beclin 1, LC3-I and LC3-II modulation was not changed (Fig. 5) .
Previous studies have shown that the PGC-1 family of coactivators is a potent stimulator of mitochondrial respiration and gene transcription in liver, heart, and skeletal muscle (28, 29) . It has been shown that PGC-1 acts by activating the NRF1 and NRF2 that in turn regulate expression of mtTFA, essential for replication, maintenance, and transcription of mitochondrial DNA (30) . PGC-1 is also important for the expression of nuclear genes encoding respiratory chain subunits and other proteins that are required for proper mitochondrial functions (31) . Our studies demonstrate that PGC-1β activation may trigger apoptotic responses, depending on cell type and functional signaling pathways. Tumorigenesis is a complex, multistep process characterized by the dysregulation of many signaling cascades, including the mTOR signaling pathway (32) . Many of mTOR's upstream regulators and downstream effectors are aberrantly activated in different types of human cancer, heightening interest in mTOR signaling. Because the malignant phenotype depends on these signaling proteins, it is not surprising that mTOR is viewed as a potential target for cancer therapy. Therefore, various approaches to inhibiting the mTOR signaling pathway are being pursued for clinical development (33, 34) .
It has been shown that phosphorylation of Raptor by AMPK induces a metabolic check-point to inhibit cell growth (23) . Activation of AMPK and subsequent suppression of mTORC1 activity can also induce a cytoprotective autophagic response (35, 36) . In our model, we observed AMPK activation and Raptor phosphorylation following PGC-1β overexpression ( Fig. 4A and C) .
Autophagy is an apoptosis-alternative pathway to induce cell death, PGC-1β-shRNA can downregulate the AMPK activation and induce tumor cell apoptosis, but can not affect autophagy. Our study showed the change of autophagic competent LC3-II did not occur with or without PGC-1β (Fig. 5A) . In addition, the lack of formation of a punctuate signal of GFP-LC3 transiently transfected in cancer cells (Fig. 5B) , and the unaltered Beclin 1 expression (Fig. 5A) , indicate that autophagy is not induced.
In conclusion, these results provide new evidence that cell apoptosis is orchestrated by the balance between several signaling pathways. PGC-1β downregulation by shRNA leads to a decrease in the expression of mTOR pathway-related genes in MDA-MB-231 cells, and PGC-1β induced the cell apoptosis mediated by mTOR signal pathway.
